Hydrophobic interactions play a major role in binding non-native substrate proteins in the central cavity of the bacterial chaperonin GroEL. The sequence of local conformational changes by which GroEL and its cofactor GroES assist protein folding can be explored using the polarity-sensitive fluorescence probe Nile Red. A specific single-cysteine mutant of GroEL (Cys261), whose cysteine is located inside the central cavity at the apical region of the protein, was covalently labeled with synthetically prepared Nile Red maleimide (NR). Bulk fluorescence spectra of Cys261-NR were measured to examine the effects of binding of the stringent substrate, malate dehydrogenase (MDH), GroES, and nucleotide on the local environment of the probe. After binding denatured substrate, the fluorescence intensity increased by 32 ( 7%, suggesting enhanced hydrophobicity at the position of the label. On the other hand, in the presence of ATP, the fluorescence intensity decreased by 13 ( 3%, implying increased local polarity. To explore the sequence of local polarity changes, substrate, GroES, and various nucleotides were added in different orders; the resulting changes in emission intensity provide insight into the sequence of conformational changes occurring during GroELmediated protein folding.
Introduction
The "chaperonins" 1 are oligomeric barrel-shaped-complexes composed of ∼60 kDa protein subunits, which mediate the folding of polypeptide chains in an ATP-dependent fashion. 2 The bacterial chaperonin from Escherichia coli, GroEL, in concert with its caplike cofactor, GroES, has been the subject of many studies (for reviews, see refs [3] [4] [5] . The oligomeric complex GroEL is actually a homotetradecamer composed of identical 57 kDa (547 aa) subunits arranged in two stacked heptameric toroidal rings ( Figure 1B) , as first clearly shown by the crystal structure without nucleotide published in 1994. 6 Each subunit of GroEL consists of three domains: an apical domain that binds substrate and GroES; an intermediate or hinge domain; an equatorial domain, which binds ATP and is closest to the other ring of the structure (red, green, and blue respectively in Figure 1A ). The cochaperonin, GroES, is a homoheptamer of 10 kDa subunits, 7 which binds as a domeshaped cap on one end of the double-ring GroEL structure. A wide array of biophysical and biochemical studies [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] has provided useful information on the method by which GroEL/ ES assists in folding of substrates, especially the kinetics of the ATPase cycle, which features positive cooperativity among the seven ATP binding sites in one ring and negative cooperativity for the affinity of the two rings of GroEL for GroES.
From all these investigations, a generally accepted view of the overall mode of action of the system has appeared, summarized as follows (after ref 4) : (1) The cycle begins with the empty cis (near-side) ring, which has hydrophobic residues exposed on the inner surface of the apical domains. (2) Non-native substrate protein (likely with exposed hydrophobic residues) binds to the apical domain of the cis ring. (3) ATP binds to the . This cysteine mutant (Cys261, shown in yellow) was labeled with Nile Red maleimide. Color of the left figure (A) corresponds to the three different domains in GroEL; apical is red, intermediate is green, and equatorial is blue. This crystal structure is from the X-ray structure of apo-GroEL, PDB filename 1GRL. 6 cis ring, causing an increase in affinity for GroES as well as other conformational changes, and a closed folding cavity is fully formed by binding the GroES over the open end of the structure. (4) ATP hydrolysis eventually occurs, and disassembly of the complex is triggered by ATP binding to the trans ring. The released substrate may have achieved the native form; if not, the substrate may bind the GroEL/ES system again. Although GroEL/GroES-assisted folding has been studied for more than a decade and many characteristics of the system have been established, the exact role that the chaperonin plays with respect to the substrate is still not fully understood, and new physical measurement techniques are needed. In one model, [18] [19] [20] GroEL acts as an "unfoldase" upon ATP/GroES binding, actively pulling apart misfolded substrate (but see ref 21) . In an alternate model, the step of binding a non-native protein multivalently to an open GroEL ring via hydrophobic interactions is associated with unfolding, 22, 23 and then ATP/GroES binding produces an environment, encapsulated and hydrophilic, that is conducive to productive folding. 24, 25 Fully definitive evidence has yet to be provided for these models, and a better mechanistic understanding is central to the elucidation of GroEL/ GroES function.
Here we address the question how can fluorescence spectroscopy of a local probe detect the sequence, size, and type of conformationally driven local polarity changes that occur in the GroEL folding chamber during the process? Previous studies have shown that the hydrophobic interaction is important in the binding of substrate to GroEL. A set of hydrophobic residues on the inner surface of the apical domain of GroEL is known to be involved in substrate binding. 25 On the basis of the hydrophobic amino acid sequences from strongly binding substrates, workers have even been able to predict potential GroEL substrates from all of the proteins in E. coli. 26 More broadly, binding of GroES, substrate, and nucleotides may all influence the conformation of GroEL. X-ray and cryo-EM studies have shown that ATP binding promotes small elevation and counterclockwise twisting movements of the apical domain, and GroES binding induces a further upward movement and large clockwise twist (120°) of the apical domain. [27] [28] [29] Binding of substrate induces conformational changes of GroEL that breaks the symmetry between the two rings of GroEL and reduces the diameter of GroEL at the ends by rearranging apical domains. 30 These conformational changes would be also expected to affect the local polarity of the apical domain in GroEL.
To sense the local environmental polarity in GroEL, we have chosen the Nile Red fluorophore as a reporter dye. The emission of Nile Red has a pronounced red-shift as the solvent environment becomes more polar, and due to its visible absorption wavelength compared to other polarity reporters such as ANS (1-anilinonaphthalene-8-sulfonic acid,), 31 Nile Red has been used as a local polarity reporter in host-guest studies of polymers at the single-molecule level. 32 In biological systems, Nile Red has been used as a hydrophobic probe of lipids 33 or protein hydrophobic surfaces. 34, 35 In these experiments, Nile Red was added to the solution without any specific covalent bond, and an increase in fluorescence intensity was detected, since the fluorescence of free dye in water is very weak compared to the fluorescence in hydrophobic environments. Recently, covalent attachment of a Nile Red derivative with a reactive functional group to a protein with four cysteine residues was reported, 36 and an amine-reactive form was used to observe conformational changes in single calmodulin-peptide complexes. 37 Extending an earlier brief report, 38 we describe in this paper the sequence of changes in local hydrophobicity of GroEL due to binding of GroES, substrate, and different nucleotides using fluorescence spectroscopy. A maleimide-functionalized Nile Red ( Figure 1C ) was synthesized for this study. A GroEL mutant with a single cysteine at the inner surface of the apical domain (termed Cys261, Figure 1A ) was labeled with Nile Red maleimide. Changes in local polarity were monitored by recording Nile Red fluorescence intensity as a function of time. To observe the binding sequence dependence, various reagents such as GroES, substrate, and nucleotide or nucleotide mimics were added in different orders. The stringent substrate malate dehydrogenase (MDH) was selected for these studies, since MDH is known to require a minimum of three consecutive apical domains 9 for binding. This requirement increases the probability of interaction with Nile Red, since a low labeling ratio of Nile Red/GroEL (approximately 2 Nile Red molecules/tetradecamer) was employed.
Materials and Methods
Proteins. Wild-type GroEL and GroES were expressed and purified as described. 39 Briefly, the cells were lysed in a buffer containing 50 mM Na-phosphate (pH 8.0), 300 mM NaCl, 1mM PMSF, and 25 µg/mL DNAse. The lysate was loaded onto a Ni-NTA column, and the column was eluted with a buffer containing 50 mM Na-phosphate (pH 8.0), 300 mM NaCl, and 200 mM imidazole. The protein was further purified using a MonoQ column with a linear gradient of 0-1 M NaCl in a buffer containing 25 mM HEPES (pH 7.4). Cys261, where all native cysteine residues have been replaced with alanine except one cysteine at position 261 mutated from threonine, was produced by site-directed mutagenesis of GroEL and purified as described. 9 Cys261 was stored in a buffer containing 50 mM Tris-HCl (pH 7.4), 50 mM KCl, and 5 mM DTT. Porcine heart malate dehydrogenase (MDH) and bovine liver rhodanese were purchased from Sigma and used as received.
Synthesis of Nile Red Maleimide and Labeling of Cys261. To attach the Nile Red fluorophore to a specific residue such as cysteine, a maleimide-functionalized Nile Red was synthesized ( Figure 1C ). This Nile Red maleimide, with the thiolreactive maleimide unit spaced from the fluorescent Nile Red chromophore by a hexamethylene chain, was prepared from a Nile Red precursor bearing a phenolic hydroxyl group at the 2-position, 9-diethylamino-2-hydroxy-5H-benzo[a]phenoxazin-5-one. 40 The overall synthesis involves preparation of the phenol-functionalized chromophore and a protected maleimide moiety followed by connection of the two parts via the C 6 spacer and finally deprotection to create the free maleimide. Full details of the synthetic method are presented in the Supporting Information.
The cysteine residue on Cys261 (23 µM) was labeled with Nile Red maleimide (1:1 molar ratio of label to tetradecamer) at room temperature for 2 h. Before labeling, Cys261 was exchanged into a buffer containing 2 mM TCEP. The labeling reaction was terminated by 5 mM DTT, and the labeled protein was separated from free dye by dilution and concentration in a Microcon YM30 (Amicon, Inc.), followed by gel filtration (Micro bio-spin P30 column; Bio-rad). After labeling, the protein concentration was determined to be ∼10 µM by a BCA assay (Pierce), probably due to the loss of the protein during buffer exchange before and after labeling. UV-vis absorption spectra were used to determine that the average number of Nile Red fluorophores/Cys261 tetradecamer was ∼2, using a value of 20 000 M -1 cm -1 for the measured extinction coefficient of Nile Red maleimide in buffer A (defined below). Therefore, the average value of Nile Red labels/single GroEL ring could be regarded as 1. The labeled Cys261 GroEL tetradecamer will be referred to as Cys261-NR. The enzymatic activity of the labeled protein was tested using a standard refolding assay with the substrate rhodanese as described. 41 Importantly, this assay showed that the complex of GroES with the labeled GroEL variant is as effective as the wild-type GroEL/ES system in facilitating refolding of the substrate protein. We have explored increases in the number of Nile Red labels/GroEL tetradecamer. With ∼4 Nile Red molecules/tetradecamer, GroEL did show normal activity as above. It also showed similar behavior in terms of the approximate fluorescence changes for all the cases described in this study, except that the raw fluorescence values were higher than for the case of 2 Nile Red labels. Using the empty Cys261-NR fluorescence as a reference, the addition of unfolded MDH to the 4-Nile Red-labeled Cys261-NR caused an increase of 50 ( 6% in the emission intensity (data not shown), compared to 32 ( 7% increase for 2 labels. (The fact that these two numbers are not identical can be understood by realizing that when four labels are present (e.g., two/ring), then one MDH molecule can bind to two labels at a time, and this case is not probable when there are only two labels/tetradecamer.) On the other hand, when GroEL has more than 6 Nile Red labels/tetradecamer, the enzymatic activity and binding behavior were altered. In this study, we only present measurements with the case of 2 Nile Red labels/GroEL tetradecamer.
Fluorescence Measurements. All of the fluorescence measurements utilized a FluoroMax-2 fluorometer (Jobin-Yvon ISA Spex, Inc.) with an excitation wavelength at 532 nm. A Cys261-NR solution (0.2 µM, 100 µL) was prepared in buffer A containing 50 mM Tris-HCl (pH 7.4), 50 mM KCl, 5 mM MgCl 2 , and the molar ratio of the Cys261-NR-MDH-GroES was maintained at 1:1:2.5. To measure fluorescence changes upon addition of reagents, 2 µL of GroES (24.5 µM), 2.5 µL of MDH (8.6 µM), and 1 µL of nucleotide (100 mM) were used to minimize dilution effects on the fluorescence intensity. The transition state analogue (ADP/AlF x ) was generated with 1 mM ADP, 0.5 mM Al(NO 3 ) 3 , and 5 mM NaF. The final Mg 2+ concentration was increased to 10 mM when ADP/AlF x was used. MDH was denatured by 2 h incubation in a buffer containing 3 M GdHCl, 50 mM Tris-HCl (pH 7.4), and 5 mM DTT. For the kinetic measurements, the fluorescence intensity was followed for 15-20 min to reach equilibrium after each reagent was added, and percentage changes were computed relative to the emission from empty Cys261-NR before the addition of any reagent. In the case of ADP/AlF x , the fluorescence was measured for 30 min, thereby allowing enough time for ADP/AlF x complex formation. All of these measurements were repeated 2-4 times.
Results and Discussion
Fluorescence Measurements of Nile Red Maleimide in Various Solvents. First, the polarity-sensitive fluorescence of the maleimide-functionalized Nile Red was measured in various solvents. The emission maximum shifted from 564 nm (in a nonpolar solvent, toluene) to 656 nm (in a polar solvent, water) as the solvent hydrophobicity decreases, and the emission intensity in water decreased to 300 times less than that in toluene, the similar behavior for the parent molecule. 34 The wavelength shifts of both absorption and emission in different solvents can be examined with a parameter describing the solvent polarity, the orientation polarizability ∆f, which is defined as ∆f ) ( -1)/(2 + 1) -(n 2 -1)/(2n 2 + 1), where is the dielectric constant and n is the refractive index of the solvent. Lippert 42 showed that the spectral shifts are proportional to ∆f (the so-called Lippert equation 43 ), because solvent reorientation affects the energy difference between ground and excited state of the fluorophore. Using this equation, the solvent polarity of an unknown solution can be estimated in principle by comparing the wavelength shifts with those of known solvents. However, our measurements of Nile Red labeled Cys261 (Cys261-NR) showed little spectral shift after the addition of substrate, nucleotides, and GroES (Figure 4 ) due to the limited polarity range of the local environment in the protein, while the emission intensity did show changes.
To quantify the relationship between solvent polarity and emission intensity, we used a binary solvent mixture to vary the polarity in a limited range and measured Nile Red maleimide fluorescence. A methanol/water mixture was chosen for the following reasons. First, the emission maximum of Nile Red maleimide in methanol (635 nm) is close to that for Cys261-NR (625 nm). Second, the emission intensity of Nile Red in methanol/water mixtures was observed to be linearly dependent on solvent ∆f in an earlier study. 44 Figure 2A shows the emission spectra of Nile Red maleimide in various molar ratios of methanol dissolved in water. The emission maximum red-shifts and the intensity decreases as the molar ratio of methanol is decreased (decreasing hydrophobicity). This trend is consistent with the behavior in different pure solvents of varying polarities. A specific polarity range of the methanol/water mixture, in which the Nile Red maleimide emission intensity was comparable to that for Cys261-NR, was examined more closely, as can be seen in Figure 2B . In this range, the maximum emission wavelength of Nile Red maleimide in methanol/water mixture was not altered due to the limited polarity changes. However, the emission intensity decreased as solvent polarity increased.
The ∆f values of the solvent mixture were calculated by using literature values of the refractive index 45 and dielectric constant. 46 As shown in the inset of Figure 2B , the decrease of emission intensity was proportional to ∆f in this range. Therefore, the emission intensity of Cys261-NR, lying in this region, can be expected to respond linearly to the solvent polarity.
We now compare these results with the emission spectra of the protein Cys261-NR in the absence or presence of unfolded MDH ( Figure 2B ). These spectra were recorded with equal absorbance solutions at the excitation wavelength (532 nm). In general, both the emission wavelength and intensity of a fluorescent solute can reflect the polarity of a solution. In particular, when emission wavelength is also utilized to extract the polarity information, it is important to recognize that other effects such as hydrogen bonding and spectral relaxation can also cause a shift of emission wavelength. Moreover, the behavior of a fluorophore in a protein can be quite different from that in a solvent due to protein relaxation. In other words, the environment of Nile Red in Cys261 might not be same as Nile Red in a solvent, since dielectric relaxation of the protein can occur in ∼nanoseconds depending on the structure, 47 which is comparable to the excited-state lifetime of Nile Red. In this case, spectral relaxation toward longer wavelength due to solvation might not be complete, and spectral relaxation effects should be considered before making a direct polarity comparison using maximum emission wavelength. In our case, the maximum wavelength of Cys261-NR was shorter than the Nile Red maleimide in methanol/water mixture ( Figure 2B ), while the emission intensity was comparable. This difference can be explained by the relatively slow relaxation in the protein, and experimentally "red edge effects" can be used to measure the dynamics of the spectral relaxation. 48 In fact, studies of polaritysensitive probes such as 2,6-TNS and PRODAN (6-propionyl-2-(dimethylamino)naphthalene) in proteins showed that the emission maximum shifted to longer wavelengths with longer wavelength excitation, due to slow relaxation of the environment. 49, 50 The dependence of maximum emission wavelength on excitation wavelength was measured for Nile Red maleimide and Cys261-NR (Figure 3) . The emission maximum of Cys261-NR did shift from 621 to 646 nm as the excitation wavelength changed from 475 to 625 nm, while the emission maximum of Nile Red maleimide in 0.10 M methanol in water did not shift at all. This result suggests that the protein relaxation affects the emission wavelength shift, and thus, for fixed excitation at 532 nm, we are justified in interpreting changes in the brightness of Cys261-NR emission as primarily reflecting changes in local polarity near the ∆f value of 0.317.
Single-Reagent Experiments: Changes of Fluorescence Spectrum with MDH or Nucleotides. Using the stringent substrate MDH and various nucleotides, bulk fluorescence spectra of Cys261-NR were measured to examine the effects of binding of the reagent on the local environment of the probe. In all cases, the fluorescence from (empty) Cys261-NR was monitored first in buffer A and then either native or unfolded MDH was added ( Figure 4A) . After the addition of each reagent, all spectra reached steady state within 30 min and had nearly the same maximum wavelength near 625 nm within 1-2 nm. Although the spectrum did not shift appreciably due to the limited polarity change, changes in polarity could still be easily followed by the peak or integrated fluorescence intensity. The addition of the unfolded substrate to the Cys261-NR caused an increase of about 32 ( 7% in the emission intensity, suggesting enhanced hydrophobicity at the labeling position. By contrast, when native substrate was added, the fluorescence intensity did not change significantly, understandable since properly folded MDH does not bind to GroEL. These results suggest two possibilities: (1) Exposed hydrophobic residues from unfolded MDH can interact with the Nile Red fluorophore in the apical domain of GroEL. (2) Unfolded MDH binding to GroEL induces conformational changes at the labeling position such that the dye samples a more hydrophobic environment.
The effects of singly added nucleotides (ATP, ADP, and the transition-state mimic ADP/AlF x ) and GroES on the fluorescence intensity were also investigated. In contrast to unfolded MDH, the addition of nucleotides or GroES leads to a decrease in emission intensity compared to the level of fluorescence from the empty Cys261-NR ( Figure 4B ). GroES induced a small decrease of the fluorescence (5 ( 3%) similar to the ADP case, despite the lack of affinity of GroES for GroEL in the absence of nucleotide. 51 ATP reduced the fluorescence intensity by the largest amount, 13 ( 3%, implying increased local polarity at the position of the probe. A rasmol comparison between the X-ray apo structure 6 and the ATP-bound cryo-EM structure 28 shows that apical domain is twisted counterclockwise after ATP binding, causing more hydrophilic amino acids near the apical domain to move closer to the probe position at residue 261. The other nucleotides used in this study, ADP and ADP/AlF x , showed a similar but smaller decrease in emission intensity (6 ( 2% for ADP, 11 ( 3% for ADP/AlF x ; see Figure 4B ) compared to ATP, although ADP/AlF x had a comparable value to that for ATP. This finding will be discussed in more detail below.
Kinetic Measurements of the Cys261-NR Fluorescence Intensity. To comprehensively explore the sequence of local conformational changes in the full catalytic cycle of GroEL/ ES, the three reagents, unfolded MDH, GroES, and nucleotide nt (chosen from ATP, ADP, ADP/AlF x ), were added to empty Csy261-NR in different orderssand all six possible sequences were investigated for each of the three nucleotides (nt): MDH- 
ES-nt, MDH-nt-ES, ES-MDH-nt, ES-nt-MDH, nt-MDH-ES, and nt-ES-MDH.
For the cases with ATP addition, since ATP is continuously hydrolyzed on the time scale of 15-20 s 10,52 and thereby drives the folding cycle continuously, the measurements with ATP average over all possible states and eventually lead to actual refolding of MDH. Therefore, it may be difficult to obtain sequence-dependent information from measurements with ATP. Nevertheless, addition of nonhydrolyzable nucleotides such as ADP and ADP/AlF x should be able to reveal a certain degree of sequence information on the GroEL/GroES-mediated folding mechanism, since they prevent the continuous cycling of the enzyme. Since all of the spectra showed the similar peak wavelength and shape, only the peak emission intensity was followed as a function of time, always relative to the starting value, i.e., the emission from empty Cys261-NR before the addition of any reagent. Using a concentration of ∼0.2 µM for both MDH and GroEL (Cys261-NR), one may estimate from previous work that about 1 h is needed for MDH to regain full activity in the presence of GroEL/GroES/ATP. 53 In our experiments, the components are added serially, one by one, and it would only be in the last ∼15-20 min interval that assisted folding could begin. As a consequence, most of the observed fluorescence changes reflect protein-protein binding/interaction effects or conformational changes of the labeled GroEL.
Considering the data from all sequences, in general, there was little dependence on the order of reagent addition except for the very last reagent. Thus, for reagents added first or second, a 32 ( 7% increase in fluorescence intensity was observed when MDH was added and a 13 ( 3% decrease was observed by adding ATP, with a smaller decrease of 6 ( 2% for ADP and 11 ( 3% for ADP/AlF x ( Figure 5 and data not shown) . However, the fluorescence intensity changes produced by the last reagent showed different behavior compared to the singlereagent experiments. To describe this, the six sequences can be considered in three groups, according to the last reagent added:
nucleotide (MDH-ES-nt, ES-MDH-nt); GroES (MDHnt-ES, nt-MDH-ES); MDH (ES-nt-MDH, nt-ES-MDH)
. The first two groups will be discussed together, since they have a common feature in the sense that MDH binds to the apical domain of GroEL before the nucleotide-dependent GroELGroES association.
(
a) Cases Where the Last Reagent Is Either Nucleotide (MDH-ES-nt, ES-MDH-nt) or GroES (MDH-nt-ES, nt-MDH-ES).
A typical set of kinetic scans showing the relative peak intensity as a function of time is shown in Figure 5A for one specific sequence of adding reagents, MDH-ES-nt. As described above, we assumed that the fluorescence intensity of Cys261-NR linearly responds to polarity changes; therefore, all plots were normalized to the same standard condition (empty Cys261-NR). The fluorescence changes produced by adding MDH and GroES before nucleotides were similar to the singlereagent experiments. However, the fluorescence reductions by nucleotide addition, especially with ATP and ADP/AlF x , increased ( Figure 5A , ∼20% and ∼17%, rather than 13% and 11%), while ADP showed a similar decrease to single-reagent experiments (∼8%). To be consistent, all fluorescence changes in Figure 5B are reported after 15 min incubation, even though steady state is not reached with the ATP case. Interestingly, the fluorescence decay transients upon either nt or GroES addition at the end showed both a fast change and then a slow drop ( Figure 5A, data not shown) , while the single addition of each component did not show slow kinetics. This behavior will be discussed more in detail below. Similar results were obtained upon nucleotide addition for the ES-MDH-nt case (∼19% decrease for both ATP and ADP/AlF x and ∼9% decrease for ADP, specific traces not shown). Also, for the cases where the GroES was the last reagent (MDH-nt-ES, nt-MDH-ES), the fluorescence decreases by adding GroES were larger (22 ( 5%, data not shown), while the observed fluorescence decrease by GroES binding to the empty GroEL was not significant ( Figure  4B ).
One can consider the effect of MDH release into the cavity triggered by nucleotides with GroES, to understand these fluorescence differences caused by nucleotides compared to single-reagent experiments. To investigate the effect of MDH on the fluorescence, the fluorescence changes induced by (GroES + nt) in the absence of MDH were calculated and represented as gray bars in Figure 5B . The values of summed fluorescence intensity reduction by GroES and nucleotides were roughly similar to the sum of the fluorescence drop for each reagent added singly. If the fluorescence decreases by (GroES + nt) in Figure 5B originate from the formation of GroES-GroEL complex, the additional decreases in Figure 5A , which are presented as black bars in Figure 5B , can be understood by the presence of MDH in addition to the GroELGroES complex formation. Actually, to fully associate GroEL with GroES, (1) nucleotides should be present, considering that the affinity of GroES for GroEL is large only when nucleotide has been added, 14, 51, 52 and (2) MDH has to dissociate from the apical domains to which it is bound (ideally to three consecutive GroEL subunits), since it is known that the binding sites for both GroES and substrate overlap. 27 Therefore, in the case of Figure 5A , nucleotide addition at the end induces the formation of GroEL-GroES complex, which leads MDH to release from the GroEL apical domain into the cavity, a process that will serve to negate the fluorescence increase induced by MDH binding. In other words, the net fluorescence decreases by addition of nucleotides should have two effects, (1) nucleotide binding, a fast process, and (2) GroEL-GroES formation and MDH release, which should take a longer time. Moreover, the large change toward increased polarity at the probe location can be understood in light of the fact that a relatively nonpolar binding surface (from MDH) is replaced by a more polar binding surface (from GroES). From this point of view, all four sequences (MDH-ES-nt, ES-MDH-nt, MDH-nt-ES, nt-MDH-ES) should have similar results due to the nature of GroELGroES association; the displacement of MDH by GroES can only begin at the end of these sequences in the presence of nucleotides.
In fact, MDH release into the cavity also depends on the type of nucleotides added. The difference between black (with MDH addition first) and gray bar (without MDH addition) in Figure   5B can be regarded as the degree of MDH release into the cavity by the GroEL-GroEL association. ADP/AlF x showed more or less similar fluorescence changes (the difference between black and gray bar, 10 ( 5%) as ATP (12 ( 3%), while ADP (6 ( 3%) showed a small change. Therefore, ADP/AlF x seems to have a similar ability to release MDH as ATP, and this correlates well with a recent study, observing both productive folding and substrate release in GroEL with ADP/AlF x . 54 ADP/AlF x stabilizes the transition state, by forming a trigonal bipyramidal conformation in the nucleotide pocket, which mimics ATP undergoing hydrolysis. 55 From anisotropy measurements and gel filtration with labeled fluorescence detection, the additional γ-phosphate provided by adding AlF x to ADP is known to contribute to a stabilized GroEL-GroES complex. 54 Additional support for our interpretation is provided by work showing that the addition of AlF x in the presence of ADP induces further apical movement comparable to the ATP case. 56 On the basis of these results, we can understand the behavior as follows. First, a substrate like MDH can bind to the GroEL apical domain in GroEL, causing increased hydrophobicity. Although GroES exists in the solution, it cannot bind tightly to the GroEL apical domain due to the absence of nucleotides. After addition of nucleotides, GroES can finally bind to GroEL, and the nucleotide type determines the extent of the conformational changes of the apical domain by GroEL-GroES complex, inducing MDH release into the cavity. Furthermore, as noted alone, the fluorescence decay after the final addition in Figure  5A shows a fast change followed by a slow drop. The common feature of all these sequences is that the compact GroEL-GroES complex formation can only start at the end of the sequence and, therefore, the displacement of MDH by GroES should always occur at the end. From this point of view, the slow kinetics can be understood to relate to the GroEL-GroES association rate. Having both fast and slow kinetics is consistent with a recent study in which time-dependent changes of GroEL apical movement by GroES binding were slowed in the presence of the substrate. 56, 57 (
b) Cases Where the Last Reagent Was MDH (nt-ES-MDH, ES-nt-MDH).
Intriguing results were obtained for the two sequences in which MDH was the last reagent added and the nucleotide used was ADP/AlF x ( Figure 6 ). Specifically, if ADP/AlF x was added after GroES (ES-ADP/AlF x -MDH), the fluorescence increase induced by MDH ("the MDH effect") was large (20 ( 1%, Figure 6A ), while if ADP/AlF x was added before GroES (ADP/AlF x -ES-MDH), the MDH effect was much smaller than in all other cases (7 ( 2%, Figure 6B ). On the other hand, when the nucleotide added is either ATP or ADP, the MDH effect was independent of the order of adding nt and ES (i.e., for the sequences nt-ES-MDH and ES-nt-MDH). In these two situations, the fluorescence increase induced by MDH was ∼31% and ∼28% for ATP and ADP, respectively.
Since the fluorescence increase is caused by MDH binding to the apical domain of the Cys261-NR, the observed smaller increase implies that MDH binding is hindered. There are several possible explanations for this effect. First, the incubation time after adding ADP/AlF x was chosen to be 30 min to guarantee binding of the Al salt; 58 therefore, this incubation time was longer than for ATP (15 min) or ADP (20 min). However, this might allow different degrees of ADP/AlF x complex formation; i.e., if the time for ADP/AlF x complex formation is longer than 30 min, the fluorescence increase upon addition of MDH in Figure 6AB might depend on the sequence of ADP/AlF x addition. To test this, the experiment shown in Figure 6A was repeated, but now ADP/AlF x was added and incubated 45 min ( Figure 6C) . The large fluorescence increase (17 ( 3% increase) as in Figure 6A was maintained. Hence, one can exclude that the incubation time for complex formation affects MDH binding.
Another possibility for the sequence dependence shown in Figure 6AB might be the formation of a symmetric complex (GroES-GroEL-GroES), known as the "American football" structure. 59 A symmetric complex was observed in both electron microscopy and cross-linking experiments 15, [59] [60] [61] in the presence of ATP or AMP-PNP, and this was ascribed to the formation of the RR allosteric state (illustrated in Figure 7B ). This symmetric structure is stable until ATP hydrolyzes to ADP. Therefore, in the presence of ADP alone, no symmetric complex can be formed. However, since ADP/AlF x is a transition-state analogue, imitating a state between ATP and ADP (such as ADP-Pi), this nucleotide might therefore allow the formation of the symmetric complex if GroEL reaches the RR state before GroES binding. As illustrated in Figure 7B , our observations might be understood if both of the apical domains are blocked by GroES and thus MDH binding to the inner apical surface would be significantly hindered. To further test this hypothesis, GroES was added in an equimolar amount to GroEL (1:1 ratio of GroEL-GroES, rather than 1:2.5 as in Figure 6A -C) to prevent formation of the symmetric complex with both ends capped. As shown in Figure 6D , the large fluorescence increase upon MDH addition (14 ( 2%) is recovered as in Figure 6A . This result supports the interpretation that the small MDH effect in Figure 6B is due to the formation of the doubly capped symmetric complex. A recent study from Taguchi et al. also reported a symmetric complex, but with ATP/BeF x . 62 Within the picture of cooperativity based on TT/RR states of the enzyme, it is also possible to address the behavior when GroES is added before ADP/AlF x ( Figure 6AC ). In this situation, GroEL would begin in the TT state, since nucleotides have not been added and GroES does not strongly bind to GroEL without them ( Figure 7A ). 51 After addition of ADP/AlF x , however, GroES can bind to GroEL and form either a symmetric complex (GroES-GroEL-GroES) or an asymmetric complex in terms of GroES binding (single GroES binding to GroEL), known as the "bullet complex". 59 The large fluorescence increase induced by MDH addition Figure 6A suggests that the asymmetric bullet complex seems to prevail, leaving open a binding site for unfolded MDH in the trans ring. This might be explained with a reduced binding affinity of ADP/AlF x to the trans ring when GroES is already bound to the cis ring. By analogy, for the eukaryotic chaperonin TriC, it is known that ADP/AlF x induces lid closure in only one ring of the TriC complex. 58 Recent work has shown that, for the ATP bullet complex, no stable binding of either GroES or substrate to the trans ring is observed, 10 but in that work an ATP hydrolysis-deficient mutant GroEL was used. It might be possible that like the ATP bullet complex, the ADP/AlF x bullet has less affinity for the substrate binding to the trans ring, since the MDH effects for both ES-ADP/AlF x -MDH and ADP/AlF x -ES-MDH sequences are smaller (20 ( 1%, 7 ( 2%, respectively) than the average MDH effect (32 ( 7%), but one cannot easily explain the much smaller MDH effect for the case of ADP/AlF x -ES-MDH without symmetric complex formation. It is worth noting that both symmetric and asymmetric complexes seem to be present together in the case of ADP/AlF x -ES-MDH, since a fluorescence increase after MDH addition ( Figure 6B ) was still observable even though it was smaller than other cases, and the sum of the fluorescence decrease by (ADP/AlF x + ES) in Figure 6B was not twice as much as compared in Figure 6A .
Even though the symmetric complex can be detected under various conditions, as shown in this study and by other methods such as electron microscopy and cross-linking, it is still controversial whether this complex is an intermediate of the chaperonin cycle or just an off-pathway product. [63] [64] [65] Due to allosteric interactions, the symmetric complex may not be favorable under certain conditions. However, it is known that the binding affinity of GroES to the cis ring is increased in the presence of ATP in the same ring. Oppositely, GroES is released from the cis ring in the presence of ATP in the trans ring. Therefore, the symmetric complex can be observed during the natural GroEL/GroES cycle if the second GroES binding rate to the trans ring is faster than the GroES dissociation rate from the cis ring, both of which can only occur only after the binding ATP to the trans ring. 10
Conclusion
Using a mutant of GroEL to which a polarity-sensitive fluorophore, Nile Red, has been covalently attached at a specific location, we have observed a variety of local polarity changes upon the addition of substrate MDH, nucleotides, and GroES. For most cases, a large shift to less polarity is observed when unfolded MDH is added, while addition of nucleotide and GroES produce shifts toward increasing polarity. For sequences in which nucleotide or GroES is added last, we observed competition between GroES and substrate for the binding sites of the apical domain, and the degree of this competition, which ultimately induces the substrate release into the cavity, is determined by the nucleotides. For the special case in which the substrate was added last and the nucleotide was the transition-state mimic ADP/AlF x , the fluorescence changes depended upon the order of addition of the first two components, the nucleotide and GroES. This behavior is consistent with the formation of a doubly capped symmetric complex when ADP/ AlF x is added first.
